I. INTRODUCTION

D
UAL-BAND filters with high performance, low cost and compact size are essential and highly demanded in current and future dual-band wireless communication systems. During the past decades, great industrial demands have significantly pushed forward the research in the field of dual-band bandpass filter [1] - [8] . Although stepped impedance resonators (SIRs) are used to precisely adjust the ratio of two specified passband center frequencies by changing the structural parameters [1] , it is difficult to selectively control the bandwidth of individual passband. In [2] - [4] , dual-band filters featuring controllable bandwidths are realized respectively on dual-, tri-, and quadmode stub-loaded resonators. Better frequency selectivity is achieved for the dual-band filters in [5] - [7] , however, the filter in [5] lamination process, inevitably increasing fabrication difficulty and cost. In [6] and [7] , the dual-band filters suffer from relatively narrow bandwidth of rejection band and complex resonator configuration, respectively. In general, it still remains a challenging task to realize controllable bandwidths, high frequency selectivity, and wide rejection band simultaneously in a single dual-band filter.
To solve the technical difficulties, a microstrip dual-band filter composed of OSLSIRs and SSLSIRs is proposed in this letter. Two fourth-order cross coupling schemes are generated along different transmission paths, which will produce quasielliptic response at each passband and make its bandwidth independently controllable. In addition, a 0
• feed structure is adopted to improve the roll-off skirt [8] . By properly adjusting the structure parameters of the OSLSIRs/SSLSIRs, their harmonic resonances are misaligned without affecting the in-band performance. After extensive analyses and parametric studies, a dual-band filter was designed, fabricated and measured. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. odd-even-mode method are formulated as
II. ANALYSIS AND DESIGN OF THE DUAL-BAND BPF
where (1) and (2) are applied to determine the resonant frequencies of the OSLSIR and SSLSIR, respectively. OSLSIR is taken for an example to derive the relationship between fundamental modes f odd,0 , f even,0 and harmonic modes f odd,1 , f even,1 . According to (1), Fig. 3 depicts the first harmonic mode f odd,1 and f even,1 normalized by the fundamental mode f odd,0 and f even,0 under various combinations of impedance ratios and length ratios. The fundamental odd-and even-mode resonant frequencies f odd,0 , f even,0 of the OSLSIR are utilized as the two passband center frequencies, i.e., f 1 and f 2 . And once the design specifications of passband center frequencies f 1 and f 2 are given, we are able to locate the harmonic modes f odd,1 , f even,1 by the following procedures: 1) Select proper impedance ratio R and length ratio α which equals to θ 1 /(θ 1 + θ 2 ), the value of θ 1 and θ 2 could be obtained by (1a). 2) Calculate the physical length l 1 , l 2 with θ 1 , f 1 by
3) Based on (1b) and the known value of R, l 1 , l 2 and f 2 , θ 3 can be simply obtained and γ is determined by (θ 1 +θ 3 )/ (θ 1 + θ 2 + θ 3 ). 4) Refer to Fig. 3 , locate the frequency ratios corresponding to α, γ, and R. Impedance ratio R is generally chosen to be greater than 1 with the consideration of wide rejection band, and length ratio α is chosen iteratively to make γ > 0.5 so as to simultaneously satisfy:
1) f odd,1 and f even,1 f 1 and f 2 . 2) f odd,1 and f even,1 to be seperated from each other. 3) f even,2 all the above frequencies. Embedded between a pair of end-edge coupled OSLSIRs, two SSLSIRs are designed to have very short stubs for providing almost the same fundamental odd-and even-mode frequencies. Simultaneously, their first harmonic modes are controlled to purposely misalign with those of OSLSIR based on Fig. 3 using similar analysis procedures applied to determine first four resonant modes of OSLSIR. SSLSIR 1 is coupled with fundamental odd-mode of OSLSIRs to yield lower passband at f 1 and SSLSIR 2 is coupled with fundamental even-mode of OSLSIRs to constitute upper passband at f 2 . This special arrangement is aiming to make the proposed dual-band BPF compact in size and realize a novel fourth-order cross coupling scheme at respective band, as illustrated in Fig. 4. Fig. 5 plots the simulated S-parameters of two cases in the inset of the figure and the proposed dual-band filter prototype for comparison. On the basis of the coupling scheme, quasi-elliptic responses are generated at the lower and upper passband. Besides, the inband performance of lower/upper passband is not affected while SSLSIR 2 /SSLSIR 1 does not exist.
It is presented in Fig. 6 (a) that the surface current distribution of the dual-band filter at two passband frequencies. The signals are delivered through different transmission paths while the dual-band BPF is operating at f 1 and f 2 , making the bandwidth of each passband independently controllable. As a consequence, the bandwidth requirements could be easily fulfilled. As exhibited in Fig. 6(b) , the bandwidth of the lower passband increases if g 2 decreases. Meanwhile, g 2 has no impact on the bandwidth of the upper passband. It becomes opposite when g 3 is adjusted. Fig. 7 demonstrates that four transmission zeros TZ2, TZ3, TZ5, TZ6 generated by the fourth-order cross coupling scheme are controlled by the gap g 1 between two outer OSLSIRs. At the locations of three extra transmission zeros TZ1, TZ4, TZ7, the length from the tap position denoted by d 1 to three different ends of OSLSIR is quarter wavelength, thus shorting RF signals to ground as designed. It is concluded that the transmission zeros obtained by two different generation principles can be manipulated. 
III. RESULTS AND DISCUSSION
For the purpose of demonstration, a dual-band BPF is designed and fabricated by using a single-layered printed circuit board (PCB) process on Rogers 4350B with the permittivity of 3.48 ± 0.05, the loss tangent of 0.003 and the thickness of 0.5 mm. The layout dimensions adopted for the dual-band filter are obtained by ANSYS HFSS and summarized as follows (unit: mm):
.66, g 3 = 0.67, with R and α finally specified as 2.1 and 0.68. The diameters of two via-holes in SSLSIRs are both set to be 0.5 mm.
The simulated and measured S-parameters of the fabricated dual-band filter sample in narrowband and wideband are respectively plotted in Fig. 8(a) and (b) as well as its photograph in the inset of Fig. 8(b) . The measured center frequency and 3-dB bandwidth of the first passband are 1.58 GHz and 118 MHz. The second passband has the center frequency of 2.66 GHz and 3-dB bandwidth of 135 MHz. The discrepancies are caused by the variation of substrate's permittivity and fabrication tolerance. The minimum insertion losses at two passbands are measured to be 1.5 and 2.15 dB including the extra losses from the SMA connectors. The 20-dB rejection band has been extended to 8.5 GHz, which is benefited from the distribution of the first four resonant modes of the OSLSIR and two distinct SSLSIRs as illustrated in Fig. 9 . The spurious band due to the strongly excited even-mode third harmonic of OSLSIR is occurring at around 8.5 GHz [9] , which may be suppressed by adding extra defected ground structure (DGS) to further extend the rejection band. Finally, Table I compares the results of the proposed dual-band filter with those of other similar works. As noticed, our approach introduces less inser- tion losses and one addition transmission zero compared with [7] , but at the expense of increasing 30% area.
IV. CONCLUSION
In this letter, a dual-band BPF using open/short stub loaded stepped impedance resonators is proposed and implemented. Both the center frequencies and the bandwidths of each passband of the dual-band filter could be individually controlled. By taking advantage of a novel fourth-order cross coupling scheme and skew-symmetrical feeding structure, high frequency selectivity is achieved. Furthermore, the second harmonics of OSLSIRs and SSLSIRs are purposely misaligned to extend the rejection band. With the features of compactness, controllable bandwidths, high skirt selectivity and wide rejection band obtained, the proposed dual-band filter is possibly suitable for dual-band communication systems in the future.
